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Organic thin-film transistors (OTFTs) have attracted considerable attention because of their potential for use in electronic devices and displays, such as switching devices for active matrix flat-panel displays (AMFPDs), low-end smart cards, and electronic identification tags. 1 The channel length of most reported OTFTs is typically a few microns. To improve the performance of devices such as on-current and operation speed, a smaller channel length is highly desired. [2] [3] [4] [5] During the past few years, several approaches have been proposed to fabricate OTFTs with submicron channel length. [6] [7] [8] [9] In 2005, Iwao et al. used electron-beam lithography to achieve the top-contact OTFTs with submicron channel length. 6 In that work a suspended resist structure composed of three stacked resist layers was cleverly prepared prior to the subsequent two-step oblique evaporation of pentacene channel. After the formation of the channel layer, the S/D metal layer was evaporated in the same chamber and patterned with the suspended structure in a self-aligned manner. From the viewpoint of practical manufacturing, however, the use of electron-beam lithography is obviously not suitable for large-area applications as throughput is concerned. In addition, the fabrication of the suspended structure and the twostep evaporation of pentacene channel which involves the tilt of the substrate are complicated.
Recently, we have reported a film profile engineering (FPE) concept for fabricating high-performance oxide-based thin-film transistors (TFTs). 10 Owing to the unique deposition conditions of several tools, this technique can be implemented to deposit films with desired profiles. In this study, we aim to develop the proposed FPE concept with the modified deposition pressure of evaporator systems to fabricate high-performance OTFTs with submicron channel length and address the above mentioned issues in the earlier work.
In the previous report on the fabrication of ZnO TFTs with the FPE scheme, 10 an RF magnetron sputter was used to deposit the continuous and highly concave channel film beneath the suspended bridge built over the center of the device. In this study, a thermal evaporator was employed for depositing the pentacene channel and a major consideration on the deposition pressure is raised. Deposition of evaporators is usually set in the range from 10 À6 to 10 À5 Torr, 11 much lower than that of the sputter deposition ($mtorr). Such a low pressure may hinder the formation of a continuous layer, as the scattering probability in the chamber is too small to affect the directionality of the deposition species.
To address this issue, in the experiments we intentionally manipulate the background N 2 pressure in the chamber and study its impacts on the device characteristics. The detailed FPE procedure for fabricating the pentacene-based OTFTs is shown in Fig. 1(a) . The completed device is bottom-gated and, for simplicity, the n-type Si wafer is used as the gate. First, a 400 nm-thick tetraethylorthosilicate (TEOS) oxide serving as a sacrificial layer and a 200 nm-thick undoped polycrystalline silicon (poly-Si) serving as a hard mask were sequentially deposited on the Si substrate by low-pressure chemical vapor deposition (LPCVD). Then, the undoped poly-Si was lithographically patterned by an I-line stepper using the layout design illustrated in Fig. 1(b) to define the source and drain regions of the device. Channel length (L) and width (W) are also specified in the figure. An HF-containing solution was then used to etch the sacrificial oxide until the undoped poly-Si bridge was suspended. Fig. 1(c) shows the 3D-view of the etched structure after this step. Next, a TEOS oxide with nominal thickness of 50 nm was deposited and used as the gate dielectric by plasma-enhanced chemical vapor deposition (PECVD) at 300 C under a pressure of 500 mtorr. Afterwards the pentacene channel was deposited by thermal evaporator with nominal thickness of 150 nm. Before the deposition the chamber of the evaporator was filled with pure N 2 gas at atmosphere. For realization of the FPE scheme, we adjusted the background pressure of the chamber by pumping down the N 2 to a specific value. In this work, the N 2 was pumped to 3 mTorr or 5 Â 10 À6 Torr in order to verify the impact of the pressure. The two pressures are chosen because of the vacuum design of the thermal coater which is pumped with a mechanical pump and turbo pump. The background is 3 mtorr when only the mechanical pump is used, and reduces down to 5 Â 10 À6 torr as the turbo pump is turned on. Subsequently, the pentacene vapor was introduced to deposit the organic channel. Note that, as the partial pressure of the pentacene vapor was estimated to be around 10 À6 torr or smaller, the deposition pressure was actually close to the background pressure. Finally, a 100 nm-thick Au layer was deposited by evaporation at 5 Â 10 À6 torr in the same chamber to form S/D metal pads. Width of the devices is 3 lm, while L is designed to be 0.4, 0.5, 0.6, 0.8, 1, or 2 lm. Cross-sectional scanning electron microscopy (SEM) was used to investigate the structure of OTFTs. The electrical properties of the OTFTs were measured by a B1500 semiconductor parameter analyzer in ambient air at room temperature. Fig. 2(a) shows the measured transfer characteristics of the fabricated OTFTs with channel width of 3 lm and length of 0.4 lm at drain voltage of À3 V. The two devices compared in this figure are with the pentacene channel deposited at background pressures of 3 mtorr and 5 Â 10 À6 torr, respectively. Clearly the background pressure during the deposition greatly affect the device performance: The one with the higher pressure shows the p-type switching behavior. In contrast, the other deposited with an ultra-low pressure fails to show any switching behavior and the drain current is solely contributed by the gate leakage. In Fig. 2(b) , the output characteristics of the functional device are shown. From I-V characteristics, the saturation field-effect mobility (l eff, sat ), threshold voltage (V th ), on/off current ratio, and , and 301 mV/dec, respectively.
The above results reveal that the proper modification in the deposition pressure of the thermal evaporator is instrumental for the realization of the proposed FPE method. Figs. 3(a) and 3(b) are the schematic diagrams showing the scattering mechanisms during the evaporation of pentacene channel at the relatively low and high deposition pressures, respectively, in the thermal evaporator. In Fig. 3(a) , the air is so scarce that the vaporized pentacene species transporting from the heated source to the substrate essentially encounter no scattering. As a result, the deposited pentacene is shadowed by the suspended bridge and disconnected underneath the bridge. In Fig. 3(b) , for the case with the deposition pressure increases to 3 mtorr, the density of nitrogen molecules in the air rises accordingly. Scattering rate of the evaporated pentacene species in the air is thus greatly promoted. The portion of the scattered pentacene species into the region underneath the bridge allows the formation of a continuous channel between the source and drain regions, as illustrated in Fig. 3(b) .
To gain more insight, we have employed SEM to check the deposited pentacene films. Figures 4(a) and 4(b) show the cross-sectional SEM images of two fabricated OTFTs with L of 0.4 lm. The deposition pressures are 3 mtorr and 5 Â 10 À6 torr in Figs. 4(a) and 4(b) , respectively. From the pictures, it is confirmed that the suspended poly-Si bridge serves as a shadow mask for tailoring the deposited thin films. Besides, it is clearly seen that, under the deposition pressure of 3 mtorr, an ultra-thin and continuous pentacene channel is formed beneath the suspended bridge. In contrast, no pentacene was deposited between the source and drain regions when the deposition pressure is reduced to 5 Â 10 À6 torr. The latter result well explain why the corresponding device does not show any turn-on behavior in Fig. 2(a) .
In order to understand more about the effects of the suspended bridge on the device fabrication and the resultant device performances, we have also characterized devices with various L with the pentacene channel deposited at 3 mtorr. The measured transfer characteristics, as shown in Fig. 5 , can be divided into two groups which are relevant to their channel length. For devices with L of 0.6 lm or shorter, switching characteristics are obtained. The remaining devices with L of 0.8 lm or longer show no turn-on behavior with the drain current equals to the gate leakage, similar to the case shown in Fig. 2(a) with deposition pressure of 5 Â 10
À6 torr. Figure 6 shows the transfer characteristics of five devices with same L of 0.4 lm located on different dies. The results confirm that the variation in device performance is small. The above observed trend indicates that a sufficiently long bridge would effectively prohibit the collided pentacene species from diffusing into the regions beneath the bridge for forming a continuous channel film and, as a result, the device fails because of the disconnected channel. The structure-dependent device characteristics highlight the important role of the length of the suspended bridge in the fabrication of FPE OTFTs. Value of the critical length is determined in large part by the deposition pressure and thickness of the sacrificial oxide. Table I lists the major features of lithography tools and structural dimensions, as well as the characteristics of pentacene-based OTFTs obtained in this work together with those reported in Ref. 6 . The comparison is made as the fabricated devices of the two studies are similar in structure with nominally identical channel dimensions. In this work, an I-line-based lithographic process was employed and the patterning involved the formation of a suspended bridge, as mentioned in the former section. In the previous work, 6 exposure of a three-layered resist with e-beam was done for forming a suspended resist structure. Note that in terms of the shape and role, the suspended resist structure is similar to the suspend hardmask bridge employed in this work. Overall, our proposed method without relying on e-beambased lithography is much more suitable for the large-area applications. As for the deposition approach of the channel film, we intentionally modify the deposition pressure of the thermal evaporator in a N 2 ambient, the process is thus simpler than the two-step oblique evaporation developed in the previous work. From the electrical parameters extracted with the transfer curves, it can be seen that the on/off ratio and subthreshold swing of our devices are much better while the saturation field-effect mobility is comparable as compared with those obtained in Ref. 6 .
In our proposed method, the properly modified deposition pressure in the thermal evaporator is the most critical parameter for the realization of the FPE concept. A major concern for this method is the abundant nitrogen molecules contained in the chamber during the deposition process. Its major purpose is to increase the collision rates of the airborne organic molecules so that sufficient amount of flux reaching the channel center beneath the bridge can be attained. To further improve the performance of OTFTs, promoting the crystallinity of the channel film is feasible. This is achievable by performing a surface treatment on the gate dielectric to form self-assembled monolayers (SAM) 11 which provide an ordered template for subsequent channel film deposition. It is expected that the performance of FPE OTFTs will be improved considerably if the above SAM process procedure is implemented.
In short, we have investigated the feasibility of FPE method on the fabrication of pentacene-based OTFTs with submicron channel length. The deposition of pentacene channel was carried out in a N 2 ambient of the thermal evaporator. The results indicate that the background pressure during the deposition is vital and should be sufficiently high for the realization of FPE devices. Although the ultra-thin channel cannot be seen in the TEM images, functional devices are verified with the deposition pressure set at 3 mtorr. Another major parameter is the length of the suspended bridge which must be short enough to enable the formation of a continuous channel. 
